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Featured Application: This work analyzes the contribution of energy self-sufficiency in cities
(smart cities) to energy security and the environmental sustainability of the countries.
Abstract: Cities are at the center of the transition to a decarbonized economy. The high consumption
of electricity in these urban areas causes them to be the main focus of greenhouse gas emissions.
However, they have a high margin of capacity to increase energy efficiency and local energy
generation. Along these lines, the smart urban management model has been proposed as a solution
to the unsustainability of cities. Due to the global trend of population concentration in urban areas,
cities tend to be representative of the population, energy consumption, and energy sustainability
of their countries. Based on this hypothesis, this paper studied the relationship between the smart
city model and the concept of energy sustainability. First, the research analyzed the relationship
between urban population growth and energy sustainability; and then the self-consumption capacity
of photovoltaic electricity of the main cities of the countries classified in the energy sustainability
indicator (Energy Trilemma Index 2017) of the World Energy Council was analyzed. According to the
results, the scope of action for self-consumption of photovoltaic electricity is broad and cities have
the capacity to contribute significantly to the energy sustainability of their countries. Following the
approach of other authors, the development of energy sustainability objectives and the installation of
smart systems in distribution grids must be aligned with national objectives.
Keywords: energy sustainability; smart cities; PV self-consumption; Energy Trilemma Index; energy
security; environmental sustainability
1. Introduction
Covering the current needs of humanity without jeopardizing the coverage of the needs of future
generations is the definition established for sustainable development [1]. Thus, the concept of energy
sustainability is used to address the coverage of the energy demand of society. However, this process
has not been sustainable because the development and economic growth of humanity has been based
on the use of energy resources of fossil origin. The transformation of these resources to final energy
has had an impact on the emission of greenhouse gases (GHG), the precursors of climate change.
This final energy, mainly in the form of electricity, has been mainly destined to meet the energy
demand of the urban population. As seen in Figure 1 (which includes data after the 1973 oil crisis),
electricity consumption has a greater correlation with the growth of the urban population than with
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the growth of the total population. As a further handicap, by 2040 the global demand for energy will
have risen by more than a quarter due to the increase of people residing in urban areas in developing
economies to 1.7 billion [2]; by 2050, 75% of the population will live in the cities [3].
Figure 1. Correlation between urban population and electric energy consumption. Source: Created by
authors using data from [4].
Because energy consumption is transversal to economic activity, mitigation and adaptation
measures towards climate change are marked by a process of the transformation of the current
economic model to one decarbonized. This process is called energy transition and is based on
increasing energy efficiency, electrification, and the use of renewable energy resources [5]. At the scale
of the cities there is talk of urban energy transition (UET) to the use of urban renewable energy resources
and the reduction of the energy consumption of buildings [6]. Compared to industry, transport, and
other energy end-use consumption sectors (according to the New Policies Scenario of the World Energy
Outlook 2018, in 2017 the final energy consumption was 9696 Mtoe and was distributed as follows:
3265 Mtoe in the industry (29.45%), 2794 Mtoe in transport (28.82%), 3047 Mtoe in buildings (31.43%),
and 999 Mtoe (10.3%) in other energy end-use consumption sectors), world energy consumption is
concentrated in buildings [2]. Thus, the greatest potential for energy saving is in these constructions [6].
In this regard, the strategies of the UET seeks to make the operation of the electrical system more
flexible through the empowerment of the consumer in the management of demand and the generation
of urban energy through the energy self-consumption in buildings. Making the electrical system more
flexible involves an optimal combination of demand and renewable energy generation. However,
the main sources of this type of energy, such as solar and wind, are intermittent: Periods of higher
renewable generation generally usually occur during periods of lower residential energy demand.
Therefore, to take full advantage of these energy sources, it is necessary to implement mechanisms that
optimize the operation of the distribution system in cities.
A strategy aimed at addressing competitiveness and confronting the efficiency and limitation
of the economic and natural resources of the urban areas is smart city model [7,8]. Although this
strategy surfaced during the last decade to address the limitation of energy resources in cities and the
inherent production of GHG, today it covers other fields that include the provision of urban services,
and governance, knowledge, and behavior of citizens [9]. Technically, smart cities are cities with a high
degree of penetration of Information and Communication Technologies (ICT) to create synergies [10]
between technological components and economic agents.
Due to the global trend of population concentration in these urban areas, cities tend to be
representative of the population, energy consumption, and energy sustainability of their countries.
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Based on this hypothesis, this paper analyzes the theoretical contribution that the smart city model
can have on the energy sustainability of countries. In this context, from theoretical and empirical
approaches and with conceptual results, this research seeks to contribute to the study of UET.
In this regard, this paper provides a description of the smart city model and the concept of energy
sustainability in Section 2, in order to analyze the common elements between them in Section 3. Finally,
in Section 4, the paper analyzes the effect of the concentration of the urban population and the use of
solar resources in cities in terms of their countries’ energy sustainability.
2. Concepts Review
2.1. Energy Sustainability
According to the World Energy Council (WEC), the definition of energy sustainability is based
on three core dimensions: energy security, energy equity, and environmental sustainability. Together,
they make up a “trilemma” and achieving high performance in all three dimensions entails complex,
interwoven links between public and private actors, governments and regulators, economic and
social factors, national resources, environmental concerns, and individual behaviors [11]. In order to
evaluate the performance of this energy sustainability trilemma for countries, the WEC uses the Energy
Trilemma Index.
The index is a complete, rigorous, and widely-recognized indicator for decision-making on
energy policy [12]. In its calculation, 75% corresponds to the analysis of the energy performance of
the countries, where energy security, energy equity, and environmental sustainability are evaluated.
The remaining 25% corresponds to the analysis of contextual performance. Generally speaking, a
country is awarded a better rating and position in the ranking when it demonstrates a better energy
and contextual performance. From now on, to talk about energy sustainability in this paper, we will
only refer to energy performance, and the following acronyms will be used: ETI to talk about the
Energy Trilemma Index; ESR to talk about energy security; EQR to talk about energy equity; and EVR
to talk about environmental sustainability.
Energy security is the effective management of primary energy supply from domestic and external
sources, reliability of energy infrastructure, and ability of energy providers to meet current and
future demand; energy equity is the accessibility and affordability of energy supply across the entire
population; and environmental sustainability is achievement of supply- and demand-side energy
efficiencies and development of energy supply from renewable and other low-carbon sources [11].
The contextual indicators consider the broader circumstances of energy performance, including a
country’s ability to provide coherent, predictable and stable policy and regulatory frameworks, initiate
R&D and innovation, and attract investment [12].
ETI studies 125 countries according to region and their gross domestic product per capita (group
GDP or Group-Roman_number). The regions are Europe (E), Sub-Saharan Africa (Sub-Saharan, S),
Asia (A), Latin America and the Caribbean (LAC, L), the Middle East (MENA, M), and North Africa
(North-America, N). The GDP is divided into Group-I (more than 33,500 USD), Group-II (between
14,300 and 33,500 USD), Group-III (between 6000 and 14,300 USD), and Group-IV (less than 6000 USD).
In the context of this paper, the results in 2017 of this index were organized in Figure 2. Group-I
does not contain any countries form the LAC or Sub-Saharan regions and Group-IV does not contain
countries in MENA, North America. Group-II is the only group with has countries from all six regions
of the study.
The ETI also has an interactive tool, the pathway calculator, that can be used to determine what is
necessary to improve the ranking position and understand the impact of policymaking on achieving a
sustainable energy future [13]. Figure 3 presents the indicators of this virtual tool. According to this
tool, basically a country obtains a better energy sustainability by diversifying its mix of primary energy
sources, diversifying its mix of electricity generation, reducing energy imports, and reducing its CO2
and other GHG emissions.
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Figure 2. Distribution of the 125 countries of the ETI (Energy Trilemma Index) 2017 by regions and
GDP groups per capita. Notes: Regions are divided (greatest to least presence) into Europe with
41 countries (32.8%), Sub-Saharan 25 (29%), Asia 22 (17.6%), LAC 19 (15.2%), MENA 15 (12%) and
North-America 3 (2.4%). The GDP groups are divided as: Group-I has 34 countries (27.2%), Group-II
has 38 (30.4%), Group-III has 27 (21.6%), and Group-IV has 26 (20.8%). Source: Created by authors
using data from [12].
Figure 3. Structure of the indicators of the pathway calculator of the WEC (World Energy Council).
Source: Created by authors using data from [13].
2.2. Smart City Model
The SMART criterion emerged in the 1980s and is an acronym of the objectives of a business
management proposal: specific, measurable, achievable, relevant, time-bound [14]. Later these criteria
became a concept which was applied to different disciplines of study, with the intention of improving
results in terms of increased efficiency in resource management by coordinating information between
different systems. From an organizational point of view, information control in cities would allow
cross-communication between the actors involved in the management of cities and citizens [15]. Thus,
through the advancement of ICT, the coordination of information between systems improves the
SMART management approach towards its application in more complex systems such as cities [16–20].
From an integral and holistic point of view, the smart city concept brings together a series of
strategic proposals, which seeks for the development and future growth of cities in order to make them
competitive, sustainable, and able to offer a high quality of life to urban population [21–23]. With the
control of information, the crux of these management proposals is to find out the modus operandi of
the demand for urban services in order to efficiently manage the resources available: natural resources
(energy, water, air), infrastructures, economic resources, people, and knowledge.
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Since the early 1990s, the smart city concept has been a subject of study (a search for the term
“smart city” in the Web of Science (WOS) and Scopus return the first references to it in 1991 [24] and
1997 [25]). From this time until the middle of the current decade, various authors have published
their views on the definition without reaching an agreement about the scope of this concept [21,26–28].
Even so, the definitions presented included proposals for the working taxonomy of this type of city,
such as in [26], evaluation and classification methodologies as in [29,30], planning in [31], suggestions
for strategies to successfully implement the smart model in cities in [28,32,33], and in the case of [34],
a reference initiative for this purpose, in this case it was Barcelona. These publications also included
methods to integrate technological devices into the services that are to be provided in cities, such
as [35].
Working with the same concept, to date, the study of the smart city concept has been done by
international (the European Union’s approach to the smart city concept considers energy sustainability to
be a priority on the basis of the main energy resource being energy efficiency [36,37], and the conception,
development, and integration of urban energy production and use. Its objective is to improve efficiency
as well as reduce energy consumption and the emission of GHG [38]) organizations [22] and tech
companies [39], companies in the financial sector [40], as well as centers for economic, financial,
technological, and social studies. The large number of parties involved in the defining of the smart
city concept shows the magnitude of its importance in the future of cities and its ability to catch the
attention of the different parties involved in urban growth and development. The ultimate aim of
these parties is to work on two closely related aspects of contemporary cities: quality of life and
competitiveness [41]. In being competitive, cities seek to attract greater investments and offer a higher
level of quality of life to its inhabitants, and they will be able to get the best out of human capabilities,
thus in turn making them increasingly competitive [38].
To reach these goals, the working sectors of smart cities can be classified into “hard” and “soft”
domains, depending on the importance of ICT systems operating within them [26]. According to
this classification, the Hard domain includes the sectors in which ICT help to configure cities at a
technical level. These are energy grids; public lighting; natural resources and water management;
waste management; environment; transport, mobility, and logistics; office and residential buildings;
healthcare and public security. As for the Soft domains, the presence of ICT is limited since they are
sectors that do not necessarily require real-time information, processing, and integration. These sectors
include education and culture, social inclusion and welfare, public administration and (e-)government
and economy.
The inclusion of ICT in the systems and technological elements makes them smart technologies [42],
and examples of these are sensors, electric meters, and other elements interconnected via the Internet
under the concept of the Internet of Things (IOT) [43,44]. These technologies allow interoperability
between components that capture and demand signals and provide a continuous response to service
management. In this sense, since the energy service is a transversal element in the efficient provision
of the services of cities, the smart cities are found within the framework of the urban energy transition.
Figure 4 summarizes this approach in the sense that the integration of ICT in cities allows the application
of smart technologies to provide the services demanded by the urban population with the aim of
improving the city’s quality of life, competitiveness, and sustainability.
It should be noted that other authors pose different positions or approaches to study. Authors
such as [45,46] go one step further and consider the potential of smart technologies as a solution to the
problems of environmental unsustainability, which is determined by the size of the carbon footprint
and the environmental and energy impact that these technologies will cause during the improvement of
other processes. In addition, according to [47], cities can be made sustainable without the use of smart
ICT, and smart technologies can be used in cities without contributing to sustainable development;
and, these technologies can also be used for sustainable development in locations other than cities.
Appl. Sci. 2019, 9, 3247 6 of 21
Figure 4. Integration of ICT (Information and Communication Technologies) in urban management
towards smart cities in the framework of the Urban Energy Transition.
The energy dimension of smart cities is called the smart energy system. Technically, this is a
system in which the technological elements of the energy system and the economic agents of the market
(consumers, producers, system and market operators, etc.) are combined to identify synergies between
them in order to achieve an optimal solution for each individual sector as well as for the overall
energy system [10]. Through these synergies, the smart energy systems can reduce the primary energy
consumption of cities and cover the remaining demand by taking advantage of the local renewable
energy resources, depending on the climatic characteristics of each city and the profitability of the
energy vectors [48].
As seen above, the increase in efficiency (however, work on finding a way to increase efficiency
is not new for the electricity sector, and, as a result of an industrial process, the electric sector has
always been looking for increased efficiency in order to avoid economic losses) is an objective of
the flexibilization of the electricity supply value chain through empowering consumers in power
generation and management of demand [49]. The main technological components of a flexible electrical
system are smart meters, storage systems, distributed generation (DG) systems and smart grids in
order to link all of these components together.
Smart grids are electrical distribution grids that, by integrating ICT into their operation, allow
for the bidirectional flow between the other technological components of a smart energy system, and
the intercommunication between the economic agents of the electric markets, such as consumers,
producers, and the system operator [50,51].
Energy transition to an electricity supply without CO2 emissions depends on the deployment of
smart grids [52]. These networks are essential for achieving energy security, affordable energy, and
climate change mitigation—the three elements of the “energy trilemma” of energy sustainability [53].
The deployment of smart grids has had different objectives in the main economic regions (for the
countries of the European Union (and the regulatory proposal “clean energy for all Europeans”),
the United States, and Canada, the main drivers in the development of smart grids have been
decarbonization and energy efficiency. For Japan and Korea, it has been the “green economy growth
agenda”. For emerging countries, it has been the rapid growth of their infrastructure [53]) of the
world [54]. However, the technical benefits of smart grids will require specific regulation for new
electricity market conditions with the entry of new players and incentives for investment in transmission
grids [55].
Compared to traditional electricity grids, smart grids allow for the limits of penetration of
renewable energies to be exceeded, and grant greater efficiency based on operational control and
reliability [56,57]. smart grids ensure an economically efficient and sustainable power system with low
losses but high levels of quality, security, of supply and safety [58,59]. The points that are interconnected
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via the smart grids have double or triple functionality: buildings, lighting systems, and vehicles go
from simply consuming energy to being able to generate, store, and export it, thus providing support
to the intermittent nature of renewable energies [60]. In this way, smart grids adapt the holistic concept
of a smart city in terms of flexibility through smart meters and electrical generation in buildings.
Smart meters are electricity meters that replace traditional electromechanical meters. In front of
these, the smart meters measure for the flows of electrical energy imported and/or exported to the grid
at time intervals of less than an hour [61]. They also allow the consumer to view this information in
real-time via telemetry and obtain new services such as demand side management [62]. This mechanism
allows the consumer to respond (demand side response, DSR) to the energy information feedback
and non-linear pricing schemes that the market offers. The objective is for the consumer to modify
their energy consumption and receive economic benefits in return, while the system benefits in the
management of electricity generation. Three of the responses that the consumer can give to these signals
are the peak clipping, which is the reduction of the consumption in the peak periods; load shifting,
which is the change of the consumption of the peak periods to the off-peak periods; and strategic
conservation, which is the change in consumption patterns that reduce energy consumption [63].
3. Smart city Strategy to Energy Sustainability
This section reviews the shared aspects of energy sustainability and the smart city urban
management strategy arising from the analyses above.
The energy transition in cities seeks to change the current model of centralized generation, which
is dependent on the consumption of external energy resources, to a distributed one. In this new
distributed system, the smart energy systems make the electricity supply more flexible, increasing the
efficiency of the distribution value chain, allowing for the integration of renewable energies into the
grid and empowering the consumer in the management of demand. Figure 5 shows the process of
decentralization of the electrical system within the smart city urban management model.
Figure 5. Decentralization of the power electric system within the smart city urban management model.
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DG can be defined as electric power generation within distribution grids on the customer side of
the network [64]. Through this type of generation, it is possible to take advantage of the renewable
energy resources in cities. This improves the system efficiency by reducing the losses incurred by the
electric transport grid. On-site generation is based on energy self-consumption under the “zero energy”
concept, which is a determining factor in the management of energy resources in smart cities.
When applying this concept to the level of buildings, the idea of “zero energy buildings” emerges.
These buildings could provide significant and sustainable reductions and help to realize more energy
efficient buildings and cities [65]. As shown in Figure 6, the Zero Energy concept is made up of three
parts, which are divided based on the balance between demand and the “credits” obtained from energy
self-consumption. Nearly zero energy is when demand is low but even so it exceeds self-consumption.
Net zero energy occurs when demand equals self-consumption. Plus zero energy is the result of local
generation exceeding the demand and the energy can be stored or exported to the grid, depending on
market conditions or distribution grid techniques. The advancement of Zero Energy Buildings and ICT
in buildings creates smart buildings: Residential buildings, offices, commercial, or industrial buildings
and smart homes (homes with a high level of comfort which are technologically and architecturally
integrated into their surroundings—also called Green buildings [66]) [67].
Figure 6. Zero energy concept in buildings and cities.
With the presence of smart meters connecting each point of consumption and generation to the
smart grid, “zero energy buildings” (Nearly (nZEB), Net (NZEB), and Plus (PZEB)) can share electricity
to other DG systems in communities or cities. Therefore, referring back to Figure 6 and taking the
“zero energy concept” to a community (building or city) level, it is possible to consider the idea of
Nearly Zero Energy Communities/Cities (nZEC); that is to say urban systems made up of “zero energy
buildings” and other systems of generation in which, based on the consumption of locally-generated
(endogenous) energy, the consumption of external (exogenous) energy is reduced.
From the smart technological development in the distribution grids, new services emerge which
will help to increase the energy efficiency of the system by means of the economic incentive to new
market agents. Regarding the consumer, although the DSR is a strategy dating from before the
development of smart technologies, with smart meters the consumer can manage electric demand in
real-time. Similarly, from Zero Energy Buildings, the consumer can become a prosumer of electric
energy by adding their surplus energy to the grid and receiving an economic benefit in return. On the
other hand, through the advance of distributed generation, PV, and small wind energy have a large
margin for growth. This means that energy producers can take advantage of urban spaces or rooftops
to generate electricity near consumers. Likewise, demand aggregator comes into play. This is an agent
that can bring together the interests of consumers, prosumers and small producers of electrical power
to offer services to the system operator [68].
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The smart city urban management strategy aims to contribute to the energy sustainability of the
planet [6]. However, achieving this objective depends on the progress of DG and; therefore, depends
on the investments made in nZEB/NZEB/PZEB towards nZEC [69]. In this sense, the evaluation
of investment projects of this type of buildings, and cities, covers the analysis of a wide variety of
technical, financial, and economic conditions of the markets [70]. Thus, the advance of generation
systems that take advantage of renewable energy resources in cities will produce a whole range of
changes for the electricity system, among which are the loss of value of existing infrastructure and the
operation of the energy sector [71].
The exploration of the smart city concept indicates that this model or city strategy is presented
as the urban management solution that has effectiveness as the aim. Combining ”efficacy” and
“efficiency”, the operation of the smart city energy system seeks:
• Guarantee the efficacy of the energy service in cities, based on the safety and quality of the
electricity supply (meaning no interruptions in service) in order to provide services (mobility,
lighting, heating, cooling, health, etc.) as demanded by the urban population.
• Manage efficiently the resources needed to provide the energy service to the city: energy resources,
economic resources, and the existing infrastructures.
Energy technologies have always focused on efficacy. However, with the superposition of
the SMART and ICT criteria, the electric power system gains efficiency to obtain economic and
environmental benefits. Figure 7 presents a summary of the results of the analysis of the relationship
between effective provision of the energy service and the achievement of the objectives cities and
countries have in terms of energy sustainability.
Figure 7. Effectiveness of the energy dimension of smart cities to achieve energy sustainability in urban
areas and countries.
4. Urban Population and Urban PV Generation vs. Energy Sustainability
Because of the urban population increase, cities and countries are closely related. Thus, the
relationship between an urban resource management model that aims to contribute to the countries’
energy sustainability has been previously described. In this sense, in this part of the paper the
relationship between urban population and energy sustainability is analyzed based on empirical
data. Based on this, the capacity of local electricity generation that cities have to cover the growing
electricity demand, and the effect that this could have on the energy sustainability of the countries, is
subsequently analyzed.
4.1. Energy Trilemma Index and Urban Population in the Period 2014–2017
Using the results of the ETI during the period 2014–2017, and data from the United Nations [3]
on the percentage of urban population, Figure 8 was constructed to analyze the relationship between
these two variables. The positions one to 125 of the ETI ranking, organized into five segments of
25 countries, run along the horizontal axis. The vertical axis on the left shows the percentage of
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population concentration (UP) and the results of ETI standardized between 0–100, while the vertical axis
on the right shows the urban population of the five segments. The results obtained are described below.
Figure 8. Correlation between the percentage of urban population and the ETI during the period
2014–2017. Source: Created by authors using data from [3,12,71–74].
There is a positive correlation between the best results in energy sustainability and the UP of
the 125 countries classified in the ETI 2017, as well as with each of its three pillars: From greatest to
least, this correlation (r) between the UP and EQR, ETI, ESR, and EMR is 0.73, 0.68, 0.33, and 0.23,
respectively. The first three of the five country segments (positions 1–75) on average have an UP
of above 73% (segments one to three, respectively: 77.4%, 75.86%, and 73.16%). Despite the fourth
segment (positions 76–100) having an average UP of 54.17%, it has the highest urban population value
(1.56 billion) of all segments and it is almost the sum of the first three segments. As for the fifth segment
(positions 101–125), it has the lowest average UP (38.53%) and the lowest value of urban population.
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The first 25 countries in the ETI ranking are rich countries in Europe with the highest %UP, over
75%, and the final segment is mostly made up of countries of the Group-IV and have an %UP of
below 25%. The second segment is made up of countries from the groups Groups-GDP II and III of
Europe, Asia, and MENA. The third segment has a more balanced distribution between countries in
Europe, LAC, and MENA of the Groups-GDP I, II, and III. In the fourth segment, the largest in urban
population, it is made up of Asian, LAC, and countries of the sub-Saharan region. Most of the latter
are found in the fifth segment.
The first 25 countries in the ETI ranking are rich countries in Europe with the highest %UP,
over 75%, and the final segment is mostly made up of countries of the Group-IV and have an %UP of
below 25%. The second segment is made up of countries from the groups Groups-GDP II and III of
Europe, Asia, and MENA. The third segment has a more balanced distribution between countries in
Europe, LAC, and MENA of the Groups-GDP I, II, and III. In the fourth segment, the largest in urban
population, it is made up of Asian, LAC, and countries of the sub-Saharan region. Most of the latter
are found in the fifth segment.
To analyze these results in depth, Figure 9 was constructed, which shows the variation of the
125 countries in their ranking positions and the percentage of urban population (%UP) from 2014
to 2017. This variation is plotted in the four quadrants of a Cartesian axis, in which the horizontal
axis represents the UP (growth in the positive axis and decrease in the negative) and the vertical axis
represents the variation of the position in the ETI ranking (the higher positions on the positive axis
and a lower position on the negative). Each of these four axes is divided into segments of positive
correlations (0.5 > r ≤ 1 and 0 ≥ r ≤ 0.5) and negative correlations (−0.5 ≥ r < 0 and −1 ≥ r > −0.5).
The table on the right shows the percentage of countries in each quadrant in relation to the total number
of countries, distributed in each region and Group-GDP.
Figure 9. Variation of the 125 countries in the ETI ranking and the percentage of urban population
(%UP) from 2014 to 2017. Source: Created by authors using data from [3,12,71–74].
In 110 of these countries, the urban population percentage increases and, of these, 48% move
higher up in the ETI and the remaining 52% go down. There is a large number of countries (57) in the
fourth quadrant (Q4) that go down in the ETI rankings but increase their UP; 42 of these countries
have a negative correlation between −1 and −0.5 (mainly countries from the regions of Europe and
Sub-Saharan), which places them close to the first quadrant (Q1). This quadrant is in second position by
number of countries (53), which have gone up in the ETI rankings as well as UP; 43 of these countries
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have a positive correlation between 0.5 and 1. The European countries of Group-GDP I and II are
primarily found in this quadrant. In the second quadrant (Q2), there are nine countries that move up
the ETI but their UP decreases. In the third quadrant (Q3), there are six countries that go down in the
ETI and have a reduction in UP.
According to these results, in specific terms there is no clear indication that the increase in
urban population percentage has a causative effect on the ETI ranking and therefore better energy
sustainability. However, 43 countries which do move up in the ranking do so with a high positive
correlation (Q1). Furthermore, most of the countries that move down in the ranking do so with a high
negative correlation (Q4). This suggests that these countries are close to being in Q1. This indicates
that there is a link between a higher ranking in the ETI and the increase of UP.
In conclusion, the concentration of the urban population of a country influences its energy
sustainability. The countries with the highest concentration of urban population have a better position
in the ETI ranking, and the variation to a better position goes hand in hand with the increase in the
percentage of urban population. This implies that the countries respond to their energy sustainability
from the management of the energy requirements of their cities.
4.2. Photovoltaic Generation in Cities and ETI 2017
As mentioned above, cities are at the center of the energy transition due to their high electricity
consumption and the high energy saving capacity of buildings. Additionally, given the uniformity of
the distribution of the solar resource on a global scale [75], cities have the capacity to generate electricity
near the same consumption points. By deploying PV systems in urbanized areas, cities can cover part
of their electricity demand and contribute to the use of local energy resources in their countries. Thus,
PV generation is the main technology to move towards the energy sustainability of cities.
PV is the fastest growing renewable energy technology in the last decade. Its generation capacity
has grown from 2026 MW in 2009 to 480,357 MW in 2018 [76]. [77] estimates that by 2023 this growth
path will double, with a significant acceleration in the growth of distributed generation. Beyond the
environmental benefits and energy independence of many regions, the deployment of PV technology
could generate EUR 6.67 billion gross value added to Europe and 9 million jobs to 2050 worldwide [78].
The use of solar energy in cities is an objective already underway ([79] reports the commitment of
100 cities in the United States to cover 100% of their energy consumed with renewable energies. [80]
reports the same objective for cities of the United Kingdom. [81,82] study the feasibility of this possibility
for the entire planet). On a voluntary basis, 65 cities from 56 countries in the world have reported,
in 2018 to the CDP (CDP is a not-for-profit charity that runs a disclosure system on environmental
data [83]) organization, their objectives for the use of renewable energies to be met in the next 30 years.
Thirty-one of these cities include the use of solar energy, and 21 aim to reach 100%.
Based on the great importance of PV generation in the energy transition, this section presents an
analysis of the urban PV generation contribution to the energy sustainability of the ETI 2017 countries.
The specific objective was to study the effect of the increase of this generation in the indicators
“concentration (reduced diversity) of electricity generation”, “concentration (reduced diversity) of total
PE supply” (PE, primary energy), “import dependence”, and “GHG emissions from energy sector” of
the pathway calculator (WEC).
The hypothesis followed for this analysis is that the use of the urban PV would allow these
countries to obtain a better energy sustainability. Before addressing the description of the calculation
and analysis procedure followed, the results obtained in the manipulation of the four pathway calculator
indicators from which this hypothesis was raised are described below. Table 1 shows these results.
Reducing the concentration of electricity generation would allow 113 of the 125 countries to
obtain a better position in the ETI and; therefore, better energy sustainability. The reduction of the
concentration in the total supply of primary energy would allow 106 countries to obtain a better
position in the ranking. The reduction of the dependence on energy imports would also allow the
125 countries to obtain a better position in the ranking (only Denmark would retain the same position
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as in the other three indicators, because this country already has the number 1 position in the ETI
ranking). For the last, the reduction of GHG emissions in the energy sector would allow all these
countries to obtain a better position in the ranking.
Table 1. Results obtained in indicators of the pathway calculator (WEC). Source: Created by authors
using data from [8].









1–25 0 9 16 0 25 0 0 0
26–50 0 0 25 0 20 5 0 0
51–75 1 * 0 24 0 17 8 0 0
76–100 0 1 24 0 19 6 0 0
101–125 0 1 24 0 16 9 0 0
Total 1 11 113 0 97 28 0 0
Concentration (reduced
diversity) of total PE
supply (0–100) **
1–25 0 6 19 0 25 0 0 0
26–50 0 3 22 0 25 0 0 0
51–75 1 * 1 23 0 23 1 1 0
76–100 0 1 23 1 21 3 0 1
101–125 0 2 19 4 18 3 0 4
Total 1 13 106 5 112 7 1 5
Import dependence
(1–100)
1–25 0 1 24 0 23 1 1 0
26–50 0 0 25 0 22 3 0 0
51–75 0 0 25 0 21 2 2 0
76–100 0 0 25 0 22 2 1 0
101–125 0 0 25 0 21 4 0 0




1–25 0 7 18 0 25 0 0 0
26–50 0 2 22 1 23 1 0 1
51–75 0 0 25 0 24 0 1 0
76–100 2 ** 0 22 1 23 0 1 1
101–125 0 1 20 4 17 4 0 4
Total 2 10 107 6 112 5 2 6
* Results of the variation to the minimum: Eleven countries would maintain the same position (Denmark, Sweden,
Switzerland, Germany, Finland, Spain, Portugal, Belgium, Romania, Guatemala, Honduras), and only Peru would
fall in the ranking. ** Results of the variation to the minimum: Thirteen countries (Benin, Denmark, Dominican
Republic, Greece, Kuwait, Lithuania, Netherlands, Niger, Romania, Slovakia, Sweden, Switzerland, and Venezuela)
would maintain the same position, and only Peru would fall in the ranking. *** Results of the variation to
the minimum: Two countries (Dominican Republic and Iraq) would obtain a lower position, and 10 countries
would maintain the same position (Denmark, Greece, Hungary, Netherlands, Niger, Portugal, Romania, Sweden,
Switzerland, and United Kingdom).
The empirical procedure followed to calculate the contribution of the urban PV generation to the
sustainability of countries was the following. First we sought to calculate the PV generation capacity of
the rooftops of the cities (one or two) most representative of the ETI 2017 countries; subsequently, the
amount of energy that this solar generation replaced fossil fuel, nuclear, and hydroelectric generation
was calculated, in that order, and increasing the country’s renewable generation without increasing the
balance of its electric mix. Subsequently, between the generation values obtained from each source
within the electric mix, the Herfindahl and Hirschman index (HHI) (the HHI is defined as the sum of
the squares of the market shares of the firms/sectors/resources, wherein the market shares are expressed
as fractions. The result is proportional to the average market share and weighted by market share.
Increases in the HHI generally indicate a decrease in competition and an increase of market power,
whereas decreases indicate the opposite) was calculated in order to obtain the concentration of the
generation. Finally, the results in this index were normalized between 0 and 100 to compare them with
the values published for each country in the 2017.
The cities (variable “city” in Equations (1)–(3)) of each country were selected based on their
population and economic representation, using world development indicators of the World Bank
Group [4]. Data on the PV generation capacity of the rooftops of the cities of the world are not available,
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so to supplement this information in the calculations, the usable area of the rooftops of the city of
Barcelona (BCN) was used as a reference. To be able to analyze the useable rooftop area of each of the
selected cities, the ratio 0.0512 was used (see Equation (3)). This is the ratio between the usable rooftop
area of Barcelona, a figure obtained from the map of Barcelona’s renewable resources map [84,85], and
the area of the city. The solar generation capacity data for each of the selected cities were obtained
from the global tilted irradiation (GTI) from the Global Solar Atlas of the World Bank Group [86],
using a figure of 16% efficiency [87] to calculate the PV generation (see Equation (2)). The equations





PV_Generation(City) = µ×GTICity ×Roo f top_AreaCity, (2)
Roo f top_Area(City) = AreaCity ×Roo f top_AreaBCN/AreaBCN. (3)
As a result of this selection of countries and cities, 183 cities were identified from 123 countries
(Finland and Iceland were not included because there were no results for them in the GTI indicator):
Sixty-seven of these countries were represented by means of one city and 59 with two cities. Data from
the International Energy Statistics of the U.S. Energy Information Administration (EIA) [88] were used
to calculate the distribution of the electricity generation mix of the study countries. In addition, in the
calculation of CO2 emissions, emission factors calculated by [89] (based on data from the International
Energy Agency, IEA) were used.
Figure 10 presents the distribution of the electricity generation mix and the hypothetical urban PV
generation of each segment of the ETI ranking countries. According to these results, in each segment,
generation with fossil fuels has a major presence and the first segment has the lowest hypothetical
urban PV generation.
Figure 10. Share of the electricity generation mix and share with urban PV (Photovoltaic) generation
by ETI ranking segments 2017. Note: Renewables—biomass and waste, geothermal, solar, tide, and
wave electricity, and wind.
The 125 ETI 2017 countries would vary, on average, in the concentration (reduced diversity) of
electricity generation by −15.94% due to the hypothetical increase in their urban PV generation. This
would have an impact on the reduction of 56.31% of the power electric generation from fossil fuels,
and consequently on the reduction of 64% of the CO2 emissions of these countries. According to these
results and based on the hypothesis, the urban PV generation of these countries would allow them to
improve their energy sustainability (excluding from this conclusion the countries that worsen their
position by the variation to the minimum in the four indicators used of the pathway calculator).
Additionally, the use of the local solar resource would allow these countries to improve their
sustainability due to the reduction of the dependence on energy imports. Although the diversity
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(towards concentration) of the primary energy supply would be reduced in some countries, the increase
in consumption of renewable resources would allow them to reduce CO2 emissions.
Table 2 summarizes the averages of the results obtained, and Figure 11 presents graphically the
results of each segment of countries in the ranking. As indicated in this table, the first segment of
the ranking shows the lowest variation of fossil-based electricity generation (−30.93%) and the fifth
segment the largest variation (−91.41%): The first segment is occupied by countries with 32.35% of
the fossil generation, on the other hand the fifth segment only represents 1.2% of this generation; this
indicates that in this segment PV generation has a broader scope to replace fossil-based electricity.
Table 2. Average results of the effect of the diversification of the electric generation with urban PV
generation in the ETI 2017 countries.
ETI Ranking Segments
Total 1 2 3 4 5
Number of countries analyzed 125 25 25 25 25 25
Average concentration (reduced diversity) of
electricity generation (0–100) 66.41 44.92 65.40 71.76 76.76 73.20
After the urban PV generation (0–100) 55.16 28.23 44.98 55.53 61.37 85.71
Average variation −15.94 −42.49 −32.33 −20.91 −14.29 30.32
Number of countries that have diversity
electricity generation 87 25 21 18 16 7
Average variation of concentration (reduced
diversity) [%] −42.44 −42.49 −43.30 −45.08 −42.51 −32.70
Number of countries that concentrate electricity
generation 38 0 4 7 9 18
Average variation of concentration (reduced
diversity) [%] 44.73 0.00 25.25 41.25 35.90 54.83
Average variation of the consumption of fossil
fuels [%] −56.31 −30.93 −50.24 −51.08 −57.88 −91.41
Average variation in CO2 emission [%] −64.00 −40.72 −59.62 −61.09 −65.29 −93.29
The results of the variation in the concentration of electricity generation divide the countries into
two groups: A first group of countries that increases the diversity of their electricity generation and a
second group of countries that concentrate it.
Countries that diversify their electricity generation (green columns with negative results in
Figure 11): A total of 87 countries that, on average, vary the concentration of electricity generation
by −42.44%. This means that the initial concentration value of electricity generation decreases due
to the increase in PV generation. Within these countries are the 25 countries with the best energy
sustainability in the ETI ranking, and with a variation in the concentration of electricity generation
(−42.49%) above the total average. On the contrary, the last segment of the ranking is made up of
only seven countries and with the lowest value in the variation of the concentration of electricity
generation (−32.7%).
Countries which reduce the diversity of their electricity generation (green columns with positive
results in Figure 11): This group is made up of 38 countries that on average focus their electricity
generation on one single source by 97.57%. This group is comprised of countries in the last segment of
the ranking. The diversity of its generation is concentrated in generation from renewable resources,
mostly from hydroelectric energy. Although in terms of the energy security ranking, this low level
of diversity leads to a lower position in the ETI, the concentration of generation from renewable
resources would lead to a reduction in the emissions of GHG and; therefore, a higher position in the
environmental sustainability ranking.
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Figure 11. Variation in the concentration of electricity generation due to the increase in urban PV
generation in the ETI 2017 countries.
5. Conclusions
The central axis of this research was the cities: The swarm of urbanization where the population
tends to represent the population of the countries lives. Therefore, the energy consumption of cities
tends to represent the energy consumption of countries and; therefore, their energy sustainability.
On this hypothesis, this paper had three specific objectives: (i) To analyze the relationship between the
smart urban management strategy and energy sustainability; (ii) to analyze the relationship between the
urban population increase and the energy sustainability of countries (using the Energy Trilemma Index
(ETI) 2014–2017 of the World Energy Council); and (iii) to analyze the theoretical self-consumption
capacity of PV electricity that cities have to cover the energy demand of the growing population, within
the framework of its effect on energy sustainability (using the indicators of the ETI 2017).
Appl. Sci. 2019, 9, 3247 17 of 21
The methodology of this research was based on an extensive review of the published literature
on the smart city and energy sustainability concepts, and on the use of the results of the ETI for the
years 2014–2017 to know a quantitative result of the energy sustainability of countries. Given the
results at the country level of this index, and as a contribution to the study of urban energy transition,
the research in this paper proposes the analysis of energy sustainability based on the study of the
scalability of energy saving and self-consumption from cities.
In conclusion, countries respond to their energy sustainability from the management of the energy
requirements of their cities. However, in the face of the increase in the urban population and with
the objective of moving towards the decarbonization of their economies, countries can optimize the
operation of their urban electric systems through the smart city urban management model. The benefits
of applying this strategy also include improving the competitiveness of cities, which leads to economic
growth and the development of society.
The main relevant advance of the energy sector in the coming years will be the empowerment of
the consumer. Making the electric sector more flexible with the aim of increasing the system’s energy
efficiency and the penetration of renewable energies relies on the consumer and more specifically the
residential sector. One of the major nuclei of energy consumption, and; therefore, party responsible for
GHG emissions, is the building. However, it is one of the areas where there is the greatest potential for
increasing energy efficiency.
Urban PV generation would have a direct effect on improving the energy sustainability of countries.
It would reduce energy dependence, allow for diversifying the mix of electricity generation, and
reduce CO2 emissions in the energy sector. Analyzing the three pillars of the ETI has made it possible
to identify this effect. Additionally, through this technology, cities have the capacity to respond to
the electrical requirements demanded by the growing population. With this, the energy policy of the
countries, and mainly those of the countries dependent on external energy resources, should consider
the power generation capacity of their cities to avoid increasing the importation of energy. In this sense,
although energy security would be affected by the concentration of electric generation in renewable
local resources, with a high variability and a difficult prediction, the improvement in environmental
issues would be notable. To counteract the imbalance of energy security, smart technologies in cities
would allow the management of resources and demand to be optimized.
The inclusion of smart technologies will allow for the integration of the parties involved in the
management of the cities, in order to find the balance between the pillars of energy sustainability:
energy security, energy equity, and environmental sustainability. Additionally, the smart city model
includes a series of elements that will make it possible to provide the energy service citizens require
as well as efficiently manage the resources needed to provide them. Specifically, the deployment
of smart meters in households and the energy self-consumption of buildings and cities are two key
strategies to be able to increase energy saving and efficiency and make the most of the local renewable
energy resources.
The energy transition to the decarbonization of the economy through the decentralization of energy
systems depends on three main elements of cities: the availability of local renewable energy resources,
consumer energy consumption patterns, and regulatory and market characteristics favorable for
investment in distributed generation systems. Thus, due to its effect on countries’ energy sustainability,
the management of current infrastructure and the management of investments in smart distribution
systems depends on the national objectives of each economic region in the world.
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